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Congenital anomalies of the kidneys and urinary tract (CAKUT) are develop-
mental disorders that commonly cause pediatric chronic kidney disease and
mortality. We examine here rare coding variants in 248 CAKUT trios and 1742
singleton CAKUT cases and compare them to 22,258 controls. Diagnostic and
candidate diagnostic variants are detected in 14.1% of cases. We find a sig-
nificant enrichment of rare damaging variants in constrained genes expressed
during kidney development and in genes associated with other developmental
disorders, suggesting phenotype expansion. Consistent with these data, 18% of
CAKUT patients with diagnostic variants have neurodevelopmental or cardiac
phenotypes. We identify 40 candidate genes, including CELSR1, SSBP2, XPOl,
NR6AI, and ARID3A. Two are confirmed as CAKUT genes: ARID3A and NR6AI.
This study suggests that many yet-unidentified syndromes would be dis-
coverable with larger cohorts and cross-phenotype analysis, leading to clar-
ification of the genetic and phenotypic spectrum of developmental disorders.

Congenital anomalies of the kidney and urinary tract (CAKUT) are
diagnosed in 0.5% of live births"? and account for 50% of pediatric
kidney failure. CAKUT includes a spectrum of developmental defects
affecting the kidney number, size, morphology, and position, and the
lower urinary tract (outflow abnormalities)’. Among CAKUT patients,
those with anomalies affecting kidney size and morphology (hypo-
plastic kidneys, dysplastic kidneys, multicystic dysplastic kidneys)
and number (kidney agenesis) have a high risk of progression to
kidney failure’. Identification of a genetic cause for CAKUT can
impact prognosis and clinical management*’. Although multiple
causative genes for CAKUT have been identified, surveys based on
modest-sized cohorts indicate that they only account for 5-20% of
cases®. The two genes accounting for the highest proportion of
genetic diagnoses of CAKUT are HNFIB and PAX2"%. Despite the high
diagnostic yield, genetic testing is not uniformly implemented in
pediatric practice.

While CAKUT most often occurs in isolation, it can also manifest in
conjunction with developmental defects in other organs. For example,
30% of infants with congenital heart disease also have urinary tract
defects®. Shared pathogenesis of CAKUT and neurodevelopmental
disorders, such as autism spectrum disorder and intellectual disability

(ID), has also been suggested®". For example, Bardet-Biedl, CHARGE,
Cornelia de Lange syndrome, and Smith-Magenis syndromes are
associated with CAKUT, congenital heart disease, and autism spectrum
disorder. Similarly, structural variants such as the 22q11.2 deletion
(DiGeorge syndrome), 7q11.23 deletion (Williams syndrome), 16p11.2
deletions/duplications, and 17q12 deletion are associated with all these
disorders”. However, the possibility of shared underlying genetic
mechanisms and pathways between CAKUT and other developmental
disorders has not been systematically examined.

The majority of CAKUT is detected in patients without a known
family history of disease, suggesting the possibility of de novo variants
or recessive disease. The analysis of de novo variants has been a suc-
cessful approach to gene discovery for developmental disorders™®.
Another successful approach is gene-burden case-control association
studies, enabling the identification of genes for schizophrenia, amyo-
trophic lateral sclerosis”, retinal diseases', epilepsy*’, and CAKUT?.
Both approaches take advantage of large population databases to
restrict the analysis and test enrichment for exceedingly rare, pre-
dicted deleterious variants, which are more likely to be associated with
developmental anomalies like CAKUT. We hypothesized that similar
analyses could identify additional CAKUT-causing genes.
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In this work, we show that the rate of diagnostic and candidate
diagnostic variants in cases with CAKUT is 14.1%. Using de novo and
gene-burden case-control association analysis, we identify 40 candi-
date genes, and confirm two of them as causal CAKUT genes: ARID3A

Table 1| Characteristics of the cases included in the study

N Proportion
Total 1990
Sex Female 814 41%
Male 176 59%
Participants’ enroll- Poland 842 42%
cr:wr(iagni'rt1 location or Italy 536 7%
Macedonia 159 8%
Columbia University Irving 132 7%

Medical Center

Chronic kidney disease in chil- 112 6%
dren study (CKiD)

Deciphering developmental 97 5%
disorders (DDD)
Netherlands 52 3%
Croatia 37 2%
Other 23 1%
Genetic ancestry Europe 1736 87%
(PCA-based) South America (Latino/ 70 4%
Hispanic)
Africa 54 3%
Asia 17 1%
Admixed 97 5%
Kidney phenotype Hypoplastic or dysplastic kid- 816 41%
ney disease
Kidney agenesis M 37%
Multi-cystic dysplastic kidney 433 22%
disease
Laterality Bilateral 149 7%
Unilateral 144  57%
Unknown 697 35%
Family history of kid- Yes 324 16%
ney disease None reported ° 1666  84%
Additional lower urin-  Including vesicoureteral reflux 439 22%
ary tract phenotypes (VUR), ureter, bladder, and
urethra anomalies
Extra-renal pheno- Congenital heart disease 186 9%

types (not mutually ID and developmental delay 19 6%

exclusive)
Genital 147 7%
Gastro-intestinal 120 6%
Facial dysmorphology 18 6%
Eye 63 3%
Ear (including hearing 50 3%
impairment)
Endocrine 66 3%
None reported® 1078  54%
Study cohort Trios 248 12%
Singletons (gene-burden 1742  88%
analysis)
Singletons (single variant 1566  79%

analysis)

PCA principal component analysis.
“Extra-renal presentations and family history of kidney disease were not consistently collected in
different cohorts.

and NR6A1. This study provides evidence for the shared genetics of
CAKUT with other developmental disorders.

Results

High genetic heterogeneity of kidney anomalies

The study included a total of 1990 unrelated probands with CAKUT
ascertained based on presence of kidney defects including unilateral
or bilateral renal agenesis, hypoplastic kidney disease, dysplastic kid-
ney disease or multicystic dysplastic kidney disease (Table 1) and 518
parents (507 unaffected and 11 affected), as well as 22,258 controls
(Supplementary Table 1 and Supplementary Fig. 1). For the diagnostic
analysis, genes associated with multiple Human Phenotype Ontology
(HPO) terms, or multiple independent associations with renal agenesis,
hypoplastic kidney disease, dysplastic kidney disease or multicystic
dysplastic kidney disease in the literature were defined as “known
genes” (N=208, Supplementary Data 1 and 2), whereas genes with
single reports, or limited evidence for causality in the literature were
defined as “probable genes” (N=297, Supplementary Data 1 and 2).
Exome sequencing and microarray analysis identified diagnostic var-
iants in 205 (10.3%) probands across 56 known genes and 25 known
structural variants (Fig. 1a). Of those, 12 probands had dual diagnoses.
In addition, 34 (1.7%) probands harbored candidate diagnostic var-
iants, defined as borderline variants of uncertain significance in known
genes (“VUS-high”)?, and 41 (2.1%) probands with P/LP variants in
genes with emerging associations with renal agenesis, hypoplastic
kidney disease, dysplastic kidney disease or multicystic dysplastic
kidney disease (“probable genes”, Fig. la and Supplementary
Data 3 and 4). We did not report variants of unknown significance,
unless they were VUS-high. Of the 133 probands with a P/LP variant in a
known gene, 52 (39%) had variants in HNFIS, PAX2, EYAL, DSTYK or
GREBIL, and 31 (23.3%) were singleton diagnoses (Fig. 1b). Of the 72
probands with diagnostic structural variants, 29 (40.3%) had the 17q12
(RCAD) deletion and 8 (11.1%) had single gene deletions identified by
exome sequencing (Fig. 1c).

Autosomal dominant disorders accounted for the majority of
diagnoses (n =180, 87.8%), followed by autosomal recessive disorders
(n=20, 9.8%) and X-linked disorders (n=35, 2.4%). Amongst the 180
probands with dominant diagnoses, family information was available
for 25; of those, 14 (56%) had de novo variants, 6 (24%) inherited the
variant from a parent with CAKUT, and 5 (20%) inherited the variant
from a parent without reported CAKUT.

Overall, we observed a higher diagnostic rate in individuals with
bilateral CAKUT (20% vs 7% in those with unilateral CAKUT, chi-
square p-value =1.8 x1077, Fig. 1d), in females (11% vs 9% in males,
chi-square p-value=3.8x1073), and in those with extra-renal
anomalies (12% vs 9%, chi-square p-value = 0.02). We also observed
a higher diagnostic rate depending on the kidney phenotype (13% in
probands with cystic dysplastic kidney diseases vs 7% in probands
with renal agenesis and 12% in probands with renal hypodysplasia,
chi-square p-value=1.9x107%). We only observed a trend for
increased diagnostic rate based on reported family history of kidney
disease (13% vs 9%, p-value =0.06), but it was not statistically sig-
nificant. There were no differences in diagnostic rate between sin-
gletons and trios (10% diagnostic rate in both).

Enrichment for de novo variants in constrained genes in trios
with kidney anomalies

A total of 370 de novo variants were identified in 248 CAKUT trios, and
the number of de novo variants per trio ranged from O to 12. The dis-
tribution of de novo variants per trio was consistent with prior reports
(Supplementary Fig. 2). While there was no enrichment of de novo
synonymous variants, we observed a 1.85-fold enrichment of de novo
loss-of-function variants (LoF, FDR g-value =3.42 x10™, Table 2), and a
1.36-fold enrichment of de novo missense (FDR g-value =1.54 x107) in
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Fig. 1 | Diagnostic analysis in 1990 individuals. a Percentages of cases with
diagnostic findings (green) and a candidate diagnosis (dark blue: VUS-high in a
known gene, P/LP in a candidate gene or candidate structural variant) and those
without a diagnostic or candidate variant (black). b Number of cases with an LP/P
variant diagnostic or candidate finding (cases with two variants were counted
once, with the variant most likely associated with their form of CAKUT) per gene
and CAKUT (red: cystic kidney disease, black: renal hypoplasia and light blue:
renal agenesis). ¢ number of cases with a diagnostic or candidate structural var-
iant per genomic area and CAKUT (red: cystic kidney disease, black: renal
hypoplasia and light blue: renal agenesis). d Proportion of cases with diagnostic/

candidate findings based on clinical characteristics (green: diagnostic findings
and dark blue: candidate diagnosis). Diagnostic rate comparisons were per-
formed using two-sided chi-square tests: (i) Bilateral vs. unilateral CAKUT: 20% vs.
7% (Chi-square p-value = 1.8 x 107; n =1249). (ii) Females vs. males: 11% vs. 9% (Chi-
square p-value = 3.8 x107%; n =1710). (iii) Extra-renal anomalies vs. isolated
CAKUT: 12% vs. 9% (Chi-square p-value = 0.02; n =1710). (iv) Kidney pheno-
type: 13% (cystic dysplastic), 7% (agenesis), 12% (hypodysplasia) (Chi-square
p-value =1.9 x107%;, n=1710). Asterisks (*) indicate statistical significance. No
adjustments for multiple comparisons were applied.

cases compared to expectations. Of the 291 non-synonymous de novo
variants, only eight were in genes known to be associated with dominant
forms of CAKUT (HNFIS, KMT6B, PAX2, PSMDI2, SON, NIPBL, PUF60,
GREBIL). The enrichment for de novo variants was more pronounced for
constrained genes (pLi>0.9, LOEUF <0.35, misZ >3.09), particularly
those that are highly expressed during kidney development. When
restricting the analysis to constrained genes highly expressed in human
nephron-progenitor cells, we observed a 7.64-fold enrichment for LoF
variants (FDR g-value =8.52 x107), and a 3.78-fold enrichment for mis-
sense variants (FDR g-value =1.35x107®). Similarly, we observed a sig-
nificant enrichment of LoF and missense variants in constrained genes
highly expressed during early mouse kidney development (Table 2).

Enrichment of rare variants in constrained genes by gene-based
burden analysis

We also performed gene-based burden analysis in 1742 unrelated
probands with CAKUT (not included in the trio analysis) and 22,258
genetically matched controls. Under the LoF and missense model, only
PAX2, known to be associated with CAKUT, reached exome-wide sig-
nificance (p-value <107%, Fig. 2a and Supplementary Data 5-9). HNFIB
and PAX2, both known to be associated with CAKUT, reached exome-
wide significance under the LoF model (Supplementary Fig. 3), while
no gene reached exome-wide significance under the missense model
(Supplementary Fig. 4). A total of 36 cases had two or more qualifying
variants in known CAKUT genes, including 18 with a heterozygote
qualifying variant in a gene associated with an autosomal dominant
form of CAKUT, and of those 17 had a diagnostic variant (including one
with two diagnostic variants and one with a diagnostic and a candidate

variant). All remaining qualifying variants were heterozygote variants
in genes associated with recessive diseases.

When we restricted the genome-wide analysis to constrained
genes (pLi> 0.9, LOEUF < 0.35), we observed a significant enrichment
of LoF variants (odds ratio OR o) = 1.48; FDR g-value = 4.03 x 10~%) and
missense variants (OR=1.31; FDR g-value=3.91x107°) (Fig. 3a and
Supplementary Table 2). The enrichment was slightly more pro-
nounced when we restricted the analysis to constrained genes that are
highly expressed in human nephron-progenitor cells (ORyor) =1.70,
FDR g-value =1.12 x107%; ORgyisy =131, FDR g-value =2.70 x107%). We
also noted that significantly more cases than controls harbored three
or more LoF or missense qualifying variants in constrained genes (12%
of cases vs 7% of controls, p-value =1.2x107%, Fig. 3b and Supple-
mentary Table 3). We observed a nominal association between the
number of LoF or missense qualifying variants and the presence of
extra-renal anomalies (13% of cases with extra-renal anomalies vs 10%
of cases with unknown or no extra-renal anomalies had 3 or more
qualifying variants, p-value = 3.03 x 1072, Fig. 3c).

Enrichment for rare damaging variants in genes associated with
ID/autism spectrum disorder in trio and case-control analyses

We searched for rare damaging variants in genes associated with ID,
autism spectrum disorder, and congenital heart disease. We detec-
ted an excess of de novo LoF variants in constrained genes asso-
ciated with ID and/or autism spectrum disorder both in the trios
(4.11-fold enrichment, FDR g-value =3.35x107, Table 2) and in the
case-control dataset (LoF: OR(or)=1.63, FDR g-value=9.18 x107;
ORmis) =1.32, FDR g-value = 6.44 x10™® Supplementary Table 2).
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Table 2 | De novo enrichment analysis in 248 trios

Model Variant type # Genes Observed Expected Enrichment p-value FDR g-value
n Rate n Rate
Genome-wide Synonymous 18,931 78 0.31 81.6 0.33 0.95 0.67 0.77
Missenses 18,931 246  0.99 180.5 0.73 1.36 218x10° 154x10° *
LoF 18,931 45 0.18 24.3 0.10 1.85 114x10™*  3.42x10™* *
LoF and missense 18,931 291 117 2049 0.83 1.42 8.76x107° 3.94x107 ***
Constrained genes Synonymous 500 3 0.01 5 0.02 0.60 0.87 0.88
Missenses 951 30 042 16.6 0.07 1.8 2.01x10°  6.03x107°
LoF 2850 18 0.07 5.7 0.02 3.14 325x10° 9.75x10™* *
LoF and missense 3039 93 0.38 50.6 0.20 1.84 5.97x10% 1.01x10° bl
Human nephron-progenitor cells (18 Synonymous 662 3 0.01 3 0.01 1.00 0.58 0.76
WEEE) e CE Missenses 237 n  0.04 2.9 0.01 378 226x10* 1.35x10°
LoF 631 8 003 1 4.03x10°  7.64 142x10°  852x10° *
LoF and 662 27 (ON|(] 8.2 0.03 & 1.63x107  1.39x107°  ***
Missenses
Mouse embryonic kidney (E15.5) and CG ~ Synonymous 491 1 4.03x10° 2.1 8.47x10° 0.48 0.88 0.88
Missenses 201 7 0.03 2.4 9.68x10° 2.96 0.01 0.02
LoF 457 6 0.02 0.7 2.82x10° 874 8.11x10° 162x10* *
LoF and 491 17 0.07 5.7 0.02 3.01 8.74x10° 297x10™* *
Missenses
ID and/or autism spectrum disorder Synonymous 1043 6 0.02 8.5 0.03 0.7 0.85 0.88
el T8 Missenses 461 14 006 93 004 15 0.09 0.09
LoF 962 10 0.04 2.4 0.01 4mn 2.23x10* 3.35x10* *
LoF and 1043 38 0.15 21.6 0.09 1.76 8.87x10™* 2.15x107°
Missenses
Congenital heart defects and CG Synonymous 166 0 0 2.2 8.87x10° 0O 1 1
Missenses 67 5 0.02 1.5 0.01 3.24 0.02 0.03
LoF 153 1 4.03x10° 0.4 1.61x107 2.43 0.34 0.34
LoF and missense 166 9 0.04 3.7 0.02 2.42 0.01 0.03
Immune and CG Synonymous 217 1 4.03x10° 12 4.84x10° 0.81 o 0.86
Missenses 96 5 0.02 15 6.05x10°  3.44 0.02 0.03
LoF 195 2 8.06x10° 0.4 1.61x107° 5.18 0.06 0.07
LoF and missense 217 8 0.03 3.3 0.01 2.45 0.02 0.03

Constrained: for LoF: pLi>0.9 and oe_lof_up_<0.35, for missenses: misZ > 3.09, for LoF and missenses, pLi> 0.9 and oe_lof_up_<0.35 and/or misZ > 3.09.
CG constrained genes, LoF loss of function variants (stop-gained, stop-lost, start-lost, splice-site, and frameshift variants).

""FDR g-value <10°%; “"FDR g-value <10™; ‘FDR g-value <1072,

There was no significant enrichment in genes encoding the innate
immune system, used as a negative control. Combining the trio and
case-control analyses we confirmed the significant enrichment of
variants in constrained genes (FDR g¢-value( o =3.87 x10™2, FDR
g-valuemiss) = 1.11x 1077, Table 3), genes highly expressed in human
nephron-progenitor cells (FDR g-valuegor=6.30x10%, FDR
g-valueiss) = 8.48 x107%), genes associated with ID and autism
spectrum disorder (FDR g-value or)=4.68 x10°°, FDR
g-value(miss) = 5.51x10°), and genes associated with congenital heart
disease (FDR g-valueg or)=1.9 x 1072, FDR g-valuess) = 3.02 X 1073).

These findings were further supported by an analysis of clinical
phenotypes. Of the 177 probands with diagnostic variants, 60 had
variants in genes associated with CAKUT and developmental delay,
and despite the paucity of clinical information, 11 (18%) of those had
reported ID or developmental delay. Similarly, 50 probands had var-
iants in genes associated with CAKUT and congenital heart disease,
and 8 (16%) of them had reported congenital heart disease (Supple-
mentary Table 3).

Two causal genes, NR6A1 and ARID3A
The trio and burden analyses identified 40 candidate genes for CAKUT
prioritized based on predicted deleteriousness, mutational constraint,

known association with ID, autism spectrum disorder, or congenital
heart disease, enrichment in gene-burden analysis under the LoF model
(OR >10) or de novo status (Supplementary Data 10 and 11). One of the
candidate genes, CELSRI, has been previously suggested as a candidate
gene for the CAKUT presentation in individuals with Phelan-McDermid
syndrome®. We identified 7 cases with cystic kidney diseases and 9
controls with LoF variants in CELSRI (pLi=1). In the genes SSBP2, XPO1,
MAP4K4, NR6A1, and ARID3A, at least two cases were identified with LoF
variants, while no LoF variants were identified in controls (Supple-
mentary Table 5 and Supplementary Data 10 and 11). NR6AI (nuclear
receptor subfamily 6 group A member 1) and ARID3A (AT-rich inter-
action domain 3A), with four and three LoF variants in cases, were both
confirmed as causal disease genes by the identification of additional
independent probands with CAKUT and related phenotypes.

NR6A1. Review of sequencing data from Columbia CAKUT cases not
included in the discovery cohort identified 6 additional cases with
NR6AI predicted deleterious variants (predicted splice variants in two
cases and predicted deleterious missense variants with REVEL > 0.8 in
four cases, Table 4 and Fig. 4). One of these cases harbors an R92W
variant that segregates in additional affected relatives (Fig. 4b). Struc-
tural analysis predicts R92W is highly deleterious because it would
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Fig. 2 | Gene-burden and gene-set enrichment analyses. a The gene-burden
analysis was performed by extracting the number of cases and controls with and
without a qualifying variant (QV) per gene. The exact two-sided
Cochran-Mantel-Haenszel (CMH) test was used to test for enrichment of qualify-
ing variants in cases vs controls, while controlling for cluster. Quantile-Quantile

probability plot of the p-values generated by the gene-burden analysis focused on
qualifying variants (LoF and predicted deleterious missense). Red indicates case-
enriched p-values. The green lines represent the 95% confidence interval. Empiric
confidence interval distributions created by permutations (n=1000). b List of the
ten most significant genes.

abrogate the formation of high affinity salt bridges with the DNA
phosphate backbone and would cause clashes within the DNA binding
domain (Fig. 4c, d). The Columbia CAKUT proband with the R92W
variant also has an eye coloboma but no other variants in genes causing
eye defects (Fig. 4b). Through collaboration with the NIH, we identified
two unrelated individuals ascertained for developmental eye pheno-
types who also had CAKUT and harbored pathogenic NR6AI variants (a
large deletion and the R92W variant, see related manuscript by Nee-
lathi et al.**). Thus, the R92W variant was identified in three unrelated
probands with CAKUT and eye abnormalities in the Columbia and NIH
cohorts. We also identified an additional NR6A1 LoF variant in an
individual with CAKUT through collaboration with the University
Medical Center Utrecht. In summary, we identified NR6AI predicted
deleterious variants in 10 cases in the Columbia cohort (including 6 LoF
and 1 de novo; and 2 with CAKUT and eye anomalies), and 3 additional
cases in external cohorts (including 2 LoF variants; 2 with CAKUT and
eye anomalies and 1 with eye anomalies), identifying NR6AI as a gene
associated with kidney, eye, and other congenital anomalies.

ARID3A. In addition to the three LoF variants in our discovery cohort
(Table 5), a review of the Columbia CAKUT biobank identified two
additional CAKUT cases with ARID3A LoF variants. Through colla-
boration with Boston Children’s Hospital, we identified two additional
individuals with LoF in ARID3A, both confirmed as de novo variants.
One individual displays vesicoureteral reflux (VUR) Grade 5, Solitary
Kidney, Posterior Urethral Valves, Megaureter, Hydronephrosis, and
chronic kidney disease stage 3. The other individual displays Mega-
ureter, hydronephrosis, VSD, Atrial septal defect, and Hypoplasia of
facial muscles. Altogether, we identified seven predicted LoF in ARID3A
in patients with kidney and genitourinary defects. The finding of seven
independent LoF variants, including two de novo variants, identifies
ARID3A as a haploinsufficient CAKUT gene. A phenotypic review indi-
cated that patients with ARID3A LoF variants have multiple genitour-
inary defects, and a few had extra-renal abnormalities. Pathway
analysis demonstrated that ARID3AI and NR6AI are co-expressed with
SALL4, a gene known to cause CAKUT (Supplementary Fig. 5).

Low-frequency risk variants
We also performed an exome-wide single variant association study for
low-frequency risk variants in genes known to be associated with

CAKUT (Supplementary Table 2). We identified four suggestive asso-
ciations in genes known to cause autosomal dominant or recessive
CAKUT (DSTYK, KMT2D, PKHDI, and SDCCAGS), including the low-
frequency DSTYK variant with a prior association with CAKUT (Sup-
plementary Table 4)%.

Discussion

In this cohort 0of 1990 individuals with CAKUT, the diagnostic, trio, and
case-control analyses point to a wide number of genes for CAKUT. We
identified diagnostic variants in 57 genes and 25 structural variants.
Combined with the candidate diagnostic variants (54 genes and four
structural variants), the overall diagnostic rate of 14.1% in this cohort
falls in the previously reported range of 2-27% for CAKUT***. HNF1B
and PAX2 accounted for a larger fraction of diagnoses and therefore
reached genome-wide significance in the case-control analysis, while
other genes known to be associated with CAKUT each contributed a
small fraction of cases, highlighting the long tail in the distribution of
rare genetic diseases that cause CAKUT. The trio and case-control
analyses also demonstrated a significant excess of ultrarare deleterious
variants, mostly in constrained genes expressed during early kidney
development that are not known to be associated with CAKUT, sug-
gesting many yet-to-be-identified genetic causes that would require
larger cohorts for discovery. Moreover, CAKUT patients harbored a
significant burden of deleterious variants in ID or autism spectrum
disorder genes, suggesting shared pathogenesis. The candidate diag-
noses also strengthened the previously reported association of CAKUT
for 35 known genes and three duplications associated with congenital
heart disease and ID or autism spectrum disorder syndromes. These
data are consistent with our prior studies showing significant overlap
between CNV disorders underlying CAKUT, congenital heart disease,
ID, and autism spectrum disorder, and that CAKUT patients with
pathogenic CNVs often have undetected or subclinical neurodeve-
lopmental phenotypes*®***. In this cohort, we similarly found that the
CAKUT patients with cardiac or neurodevelopmental comorbidities
were more likely to have a known genetic syndrome and to carry more
qualifying variants than those without extra-renal manifestations.
Altogether, these findings indicate that CAKUT, congenital heart dis-
ease, ID, and autism spectrum disorder share underlying genetic
mechanisms and pathways and point to the potential for phenotypic
expansion for known and yet-to-be-identified developmental
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a

Model N % of Qualified Cases % of Qualified Controls OR (95% Conf. Int.) P-value

Syn. Variants j
Random genes 500 46.96 40.27 1.11(0.99 to 1.23) 0.06 JO
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disorders. Hence, a cross-phenotype analysis of developmental dis-
orders may identify genetic disorders and potential modifiers that
determine the spectrum and severity of defects.

The reasons for the variable severity of clinical phenotypes in
CAKUT patients are unknown; genetic, environmental, or develop-
mental factors have been invoked*’. We found that 5% CAKUT cases
harbored two or more ultrarare deleterious variants in constrained
genes, and these individuals had a higher likelihood of presenting with

multiple developmental phenotypes. This finding is supported by our
prior study, where we similarly found that CAKUT patients with
extrarenal phenotypes often harbor multiple rare, gene-disrupting
CNVs®. In addition to a higher burden of ultrarare variants, we identi-
fied several low-frequency risk variants in DSTYK, KMT2D, PKHD1, and
SDCCAGS, which may modify the severity of disease, consistent with
prior studies demonstrating that common variants also influence the
risk of developmental phenotypes. Taken together, these data suggest
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Fig. 3 | Gene-set enrichment analyses and distribution of the number of qua-
lifying variants per individual. a Forest plot depicting the gene-set analysis using
six gene sets based on three gene burden analyses. b Number of cases (black) and
controls (Ctrl: gray) with 0, 1, 2, or at least 3 qualifying variants (LoF and predicted
deleterious missense variants in constrained genes). Statistical significance of the
difference between cases and controls was assessed using a two-sided Wilcoxon
rank sum test. A significant difference was observed (OR =11, p-value =1.2 x 107%%),
¢ Number of cases with extra-renal phenotypes (dark gray) and cases without
known extra-renal phenotypes (light gray) with 0, 1, 2, or at least 3 qualifying
variants (LoF and predicted deleterious missense variants in constrained genes).

Statistical significance of the difference between cases with and without known
extra-renal phenotypes was assessed using a two-sided Wilcoxon rank sum test
(OR =1.1; p-value = 3.03 x 107%). No adjustment for multiple comparisons was
applied. CHD congenital heart disorder, ID/ASD intellectual delay and autism
spectrum disorder, LoF loss-of-function variants, mis missense variants, NPCs
nephron progenitor cells, OR odds ratio, syn synonymous variants. Predicted
deleterious missense variants: subRVI domain score percentile < 50% and predicted
damaging based on at least 2 of the following criteria: (1) REVEL > 0.5; (2) Prima-
teAl > 0.8; (3) AlphaMissense score > 0.6; and (4) CADD score >25. Constrained
genes had pLI>0.9 and LoeF < 0.35 and/or misZ >3.09.

Table 3 | Meta-analysis of gene burden and de novo gene sets analysis

Gene-set # of genes Model Case-control analysis De novo analysis p-value Fisher p-value FDR g-value
p-value
Constrained genes 500 Syn 0.06 0.87 0.21 0.24
Constrained genes 2850 LoF 2.37x107° 3.25x10®° 2.58x10™ 3.87x10™
952 Mis. 8.70x107 2.01x107° 3.80x10° 1.11%107
Human NPCs (18 weeks) 663 Syn 0.98 0.58 0.89 0.9
632 LoF 3.97x10° 1.42x10°° 1.26x10°® 6.30x10°®
238 Mis. 1.08x107? 2.26x10™ 3.39x10° 8.48x107°
ID or autism spectrum disorder 1043 Syn 0.01 0.85 0.05 0.075
962 LoF 1.10x10™ 2.23x10™ 6.24x10™° 4.68x107°
461 Mis. 7.15%10° 0.09 1.47x10° 5.51x107®
Congenital heart disease 286 Syn 0.6 1 0.9 0.9
267 LoF 0.02 0.03 0.01 0.019
97 Mis. 0.007 0.02 1.41x107 3.02x10°®
Immune 217 Syn 0.07 0.7 0.20 0.24
195 LoF 0.24 0.06 0.08 on
96 Mis. 0.28 0.02 0.04 0.067

Constrained genes only (Constrained: *for LoF: pLi> 0.9 and oe_lof_up_< 0.35, "for missenses: misZ > 3.09).
LoF loss of function variants (stop-gained, stop-lost, start-lost, splice-site, and frameshift variants), Mis. missense variants, Syn synonymous variants, NPCs top decile expression in nephron progenitor
cells at 18 weeks of gestation, constrained genes only, ASD genes associated with autism spectrum disorder extracted from the AutismDB, constrained genes only, CHD genes associated with

congenital heart disease, constrained genes only.

oligogenic or polygenic determination for some CAKUT cases, and
variation in genetic background as a potential contributor to pheno-
typic severity.

We identified two causal genes for CAKUT, NR6A1 and ARID3A. We
found multiple probands and families with NR6A1 mutations present-
ing with kidney and eye malformations and a few other developmental
phenotypes. NR6A1 encodes the protein germ cell nuclear factor
(GCNF), also known as RTR (Retinoid Receptor-Related Testis-Asso-
ciated Receptor). Nréal is expressed at 15 days post coitum (dpc) in
mice in the ureteric tip and the cap mesenchyme (TS19-TS28), and in
the early tubule and renal interstitium®. Nr6al”’~ embryos have
abnormal optic vesicle morphology, neural tube closure, and addi-
tional developmental anomalies leading to their demise at 10.5 dpc.
Because kidneys develop after 12 dpc, conditional inactivation in cells
important for kidney development will be required to study the
function of Nréal on kidney development. The role of NR6A1 variants
in causing eye and kidney defects was confirmed by the identification
of independent cases ascertained for eye anomalies®. The incomplete
penetrance and expressivity identified in carriers of NR6A1 variants is a
common phenomenon in autosomal dominant diseases®.

We identified a total of 5 individuals with unilateral renal agenesis
and two individuals with hydronephrosis with rare predicted deleter-
ious LoF variants in ARID3A, and two of those variants occurred de
novo. Interestingly, a review of 13 cases with a 19p13.3 microdeletion
that encompasses ARID3A reported 3 cases (23%) with unilateral renal
agenesis®. ARID3A encodes a DNA-binding protein highly expressed in
E14.5 murine kidneys®. Inactivation of Arid3a leads to embryonic

lethality at E12.5 for most mice due to impaired hematopoiesis, but the
few surviving Arid3a null mice display abnormal cell proliferation and
structural abnormalities in their kidneys***. In Xenopus, ARID3A binds
to regeneration signal-response enhancers, reduces the levels of the
constitutive heterochromatin marker histone three lysine nine tri-
methylation, promotes cell cycle progression, and causes the out-
growth of nephric tubules®. In addition, an Arid3a™ kidney mouse cell
line, KKPS5, was reported to spontaneously develop into multicellular
nephron-like structures in vitro, which can form mouse nephron
structures if engrafted into immunocompromised medaka
mesonephros”. Interestingly, we found that ARID3A is co-expressed
with NR6A1 and SALL4 and is predicted to function in a common
transcriptional module®*°. Taken together, these data suggest that
ARID3A plays a regulatory role in nephrogenesis, potentially by bal-
ancing cellular proliferation. Hence, other co-expressed genes in the
ARID3A transcriptional module may be candidates for kidney devel-
opmental disorders. Further functional studies in cellular models,
organoids, or animal models could decipher the role of ARID3A during
kidney development and help identify additional candidate genes.
Our study has multiple clinical and research implications that
chart a path forward for genetic studies of CAKUT. The clinical impli-
cations of a genetic diagnosis are numerous, including providing a
definitive diagnosis, prognostic information, decision support for
transplantation decisions, and identification of affected family
members”. The diagnostic rate observed in this cohort supports
the Kidney Disease: Improving Global Outcomes (KDIGO) and the
National Kidney Foundation (NKF) recommendation that genetic
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Eyes: anisometropia, heart: patent ductus arter-

iosus and uterus agenesis, hirsutism

Renal agenesis, unilateral

0.564  Het, unknown

p.Glu211Ter

c.631G>T

9-127300561-C-A

Ind5  NR6AT

Bronchial asthma, growth within normal limits

Crossed ectopia of the kidney, left
kidney with reduced function

Het, de novo

0.082

p.Trp418Ter

c.1254G > A

9-127287097-C-T

Ind6 NR6A1T

Deceased at birth

Renal agenesis, bilateral

Het, unknown

0.6M

c13522A>G p.?

9-127285074-T-C

NR6A1

Ind 7

All variants are absent in gnomAD v3.

Het heterozygote.

testing should be offered to individuals with CAKUT**2, Our data
highlight the significant genetic heterogeneity of CAKUT and expand
the list of potential diagnostic genes for this disorder. The genetic
overlap with other developmental disorders suggests that a diagnostic
workup of CAKUT patients should include a broader gene list, and
CAKUT should be considered as an expansion phenotype for genetic
disorders associated with cardiac, eye, or brain developmental dis-
orders. In addition, CAKUT patients should be screened for extrarenal
developmental phenotypes that may have been missed during initial
evaluation, particularly neurodevelopmental phenotypes, which may
become evident in later years. Conversely, CAKUT genes should be
considered in the workup for other developmental phenotypes. The
determinants of variable clinical expression of kidney malformations
suggest a role for genetic modifiers or redundant developmental
programs that influence the ultimate clinical outcome. While the
diagnostic and gene burden analysis nominated several candidate
genes such as CELSRI1, SSBP2, XPO1, or MAPK4, the excess number of
rare variants in conserved genes detected in the trio and case-control
analyses also points to the existence of many additional CAKUT genes
that will require larger cohorts for discovery. Assuming an odds ratio
of ~10, about 21,000 individuals with CAKUT would be needed for 80%
statistical power to detect a gene with exome—wide significance*?, and
increasing the number of controls would only reduce the number of
cases need to reach this power to about 20,000, pointing to the
importance of collaborative efforts like the GeneMatcher initiative*.
Finally, the genes for kidney malformations may also point to envir-
onmental factors that can disrupt developmental programs. For
example, several genes implicated in CAKUT, such as RET or GREBIL,
interact with retinoic acid signaling, which is important for
organogenesis**°, Similarly, disruption of the gut microbiota in obese
mice may influence ARID3A binding to its targets by altering specific
metabolites®’.

Study limitations include incomplete clinical information about
the spectrum of developmental phenotypes and a lack of genetic
ancestral diversity. In addition, although this is the largest genetic
study of CAKUT patients to date, a still larger sample size will be
needed to comprehensively assess the spectrum of genes and variants
contributing to CAKUT. The study’s reliance on exome sequencing
may still have limitations in detecting certain types of genetic
abnormalities, such as deep intronic or other non-coding mutations,
that are relevant to the diagnostic analysis. Utilizing whole genome
sequencing or long-read sequencing in future studies could enhance
diagnostic capabilities by identifying additional genetic variants not
captured by exome sequencing or CNV analysis. Detailed phenotyping,
consistent collection of family history, and larger cohorts would allow
a significant increase in both diagnostic yield and identification of
disease-causing genes that may have smaller effect sizes or act under a
recessive model. Collaborative studies combining patients with
CAKUT, congenital heart disease, ID, and autism spectrum disorder
will also help overcome the challenge associated with genetic het-
erogeneity and limited penetrance, and also enable long-term assess-
ment of functional status, clinical complications, and reproductive
outcomes.

Methods

Written informed consent was obtained from all participants recruited
for this study or, where applicable, from their legal guardians prior to
participation in this study. For the DDD cohort, written informed
consent specific to research on undiagnosed developmental disorders
was obtained from all families, as approved by the UK and Irish
Research Ethics Committees. For the control cohort, a more general
form of written informed consent was secured, which covered parti-
cipation in research studies of this type, including the use of individual
sequencing data for genetic research. The study complies with all
relevant regulations. Approval for human research was obtained from
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* Carrier of p.Arg92Trp

V:1 1v:2

Variant c.DNA Protein gnomAD  REVEL Alpha CADD Inheritance Kidney anomaly Extra-renal
(hg19) change AF missense anomalies
9-127316718-G-A €262C>T  p.Argo2Trp 0 0.839 0.998 34 Heterozygote, inherited Renal agenesis, unilateral Eye Coloboma
(see pedigree)
9-127316718-G-A €262C>T  p.Arg92Trp 0 0.839 0.998 34 Heterozygote, unknown Renal Agenesis (right kidney); Cystic unknown
Dysplasia (left kidney)
9-127316795-C-T c185G>A  pArgé6His  119x105  0.818 0.947 32 Heteongon; uiknown:  CPeuructive dEfe:;‘:thr renal pelvisand \  own
9-127316646-G-A €334C>T  p.Argll6Cys 0 0976 10 34 Heterozygote, unknown Renal agenesis, unilateral re;‘z:t: ’
The 2 cases with p.Argd2Trp variant are not related (KING up to 4" degree relatives' analysis)
b [
1:1* Crystal structure
of mouse NR6A1

Fig. 4 | Missense variants in NR6A1. a Four independent Columbia CAKUT cases
with predicted deleterious missense variants in NR6A1. b Family carrying the

p.Arg92Trp (R92W) variant in NR6AL (I: 1 pelvic and small kidney, I1: 1 renal agenesis
and Eye coloboma, III: 3 renal agenesis and eye coloboma, and IV: 2 renal agenesis
and unknown genetic status). ¢ Crystal structure of mouse NR6A1 and location of

the three amino acids in which missense variants were identified in the four cases.
d Modeling the potential impact of two of the three missense variants on the
protein structure (R92W and R116C are modeled on the NR6AL1 crystal structure
PDB ID: 5KRB), the potential structural consequences of R66H could not be
determined from the published NR6A1 structure.

the Institutional Review Board of Columbia University Medical Center,
as well as the Ethics Review Boards at collaborating institutions (Poz-
nan University of Medical Sciences, Poland; University of Brescia and
Spedali Civili of Brescia, Italy; Hospital University of Padova, Italy;
University of Messina, Italy; IRCCS Azienda Ospedaliero-Universitaria
di Bologna, Bologna, Italy; ARNAS Brotzu Hospital, Cagliari, Italy;
IRCCS G. Gaslini, Genoa, Italy; University of Milan, Italy; University of
Calabria, Italy; Parma University Hospital, Parma, Italy; University of
Torino, Torino, Italy; Universita degli Studi della Campania “Luigi
Vanvitelli”, Naples, Italy; Ospedale Maggiore Policlinico, Milan, Italy;
University of Split, Split, Croatia; University Children’s Hospital,
Skopje, North Macedonia). The animal research was carried out in
accordance with the Columbia University Animal Care Protocol (pro-
tocol number: AC-AABL5584).

Participants

The diagnosis of CAKUT was made by nephrologists or urologists
based on pertinent imaging data such as renal ultrasound, MRI, or CT
scans. The study cohort was composed of 1781 individuals and 176
parents recruited for genetic studies of kidney disease at Columbia
University and collaborating institutions from Poland, Italy, Macedo-
nia, the Netherlands, Croatia, and other countries (Table 1). In addition,
the study includes 112 CAKUT probands from the Chronic Kidney
Disease in Children (CKiD) study*® and 277 samples from the Deci-
phering Developmental Delay (DDD) study', including 90 trios of
probands with CAKUT and parents without CAKUT and seven pro-
bands whose parents have CAKUT. Probands included 858 cases with
hypoplastic or dysplastic kidney disease, 735 cases with kidney agen-
esis, and 397 cases with multicystic dysplastic kidney disease (Table 1).
The majority of cases were of European genetic ancestry based on
Principal Component Analyses (PCA, 87%) and were not reported to
have extra-renal phenotypes (71%). Of the 1990 probands, 248 were

analyzed as trios (no family history, Supplementary Fig. 1). Family
relationships were confirmed using KING software*’. The sequence
data from 1742 unrelated (KING V1.4: up to third-degree, kinship
coefficient > 0.0884) probands with CAKUT who were not included in
the trio analysis were compared to data from 22,258 unrelated controls
matched based on genetic ancestry (PCA-based, Supplementary
Table 1). The controls were enrolled in studies unrelated to CAKUT or
as controls and were available through the Columbia Institute for
Genomics Medicine. All consented to have anonymized sequence data
available for secondary genetic analysis and were called and annotated
using the same bioinformatic pipeline as cases. Controls were defined
as either individuals who do not have CAKUT based on ultrasound
(2814 individuals with biopsy-documented IgA nephropathy or C3
glomerulopathy), individuals with disorders unrelated to kidney dis-
ease (e.g., amyotrophic lateral sclerosis, n=10,114), or individuals
enrolled as controls or healthy family members to diverse stu-
dies (n=9330).

Exome sequencing

Exome sequencing was performed on 2290 samples (1893 probands
and 316 parents) through the Yale Center for Mendelian Genomics, the
New York Genome Center, and the Columbia Institute for Genomics
Medicine, using different exome kits (Supplementary Table 5) at a
minimum average depth of 30x to a maximum of 250x as described in
refs. 21,50. All samples had a minimum of 90% coverage at 10x across
the Consensus Coding Sequence (CCDS) regions. In addition, the
CRAM files from the DDD study (Agilent V5 exome kit) were down-
loaded and converted into FASTQ files'. All probands, parents, and
controls’ sequence data were processed using the same bioinformatic
pipeline. FASTQ data were processed and aligned to hgl9/GRCh37
using DRAGEN and GATK haplotype caller, and variants were called
using the Genome Analysis Toolkit (GATK) v3.6 best practices.
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kidney: dysplasia

Unknown

Renal agenesis, unilateral, ectopic kidney

(includes pelvic kidney)

Het, unknown

p.? 0.529

c.951-2A>T

19-964831-A-T

ARID3A

Ind. 12

Normal development

Renal agenesis, unilateral

p.Arg346Ter 0.015  Het, unknown

€.1259-1263delACCCT  p.His420fs

c.1036C>T

19-964918-C-T

Ind. 13  ARID3A
Ind. 14  ARID3A

VSD, atrial septal defect, hypopla-

sia of facial muscles

Megaureter, hydronephrosis

Het, de novo

19-966630-ACCCT-G

All variants are absent in gnomAD v3.

Het heterozygote.

Analyses were performed using the in-house Analysis Tool for Anno-
tated Variants for retrieving, annotating, and filtering variants in large
cohorts™.

Diagnostic analysis

We used a combination of automated and manual curation to generate
a gene list for diagnostic analysis. HPO terms associated with CAKUT
were utilized to capture acomprehensive list of relevant genes*>. Genes
associated with a single HPO term underwent a manual curation of the
literature to determine gene-phenotype associations. The list was also
annotated for the presence of extra-renal manifesta-
tions (Supplementary Data 1 and 2).

The single-nucleotide variants and small insertions and deletions
were classified according to the American College of Medical Genetics
and Genomics (ACMG) guidelines for clinical sequence
interpretation®. Structural variants were identified with both micro-
array data and exome data. To identify copy-number variants with
microarray data, 1342 samples (67.4%) were genotyped on various
Illumina arrays (Supplementary Fig. 1 and Supplementary Table 5). Raw
data was first processed with Affymetrix Power Tools and the
PennCNV-Affy protocol or with Illumina GenomeStudio v2011, to
obtain probe-level logR-ratio and b allele frequency values. Raw
intensity data were processed in GenomeStudio v2011 (Illumina).
PennCNV software was used to determine CNV calls. PennCNV and
PLINK software were used for quality control®*, To identify structural
variants in exome data, we used XHMM**. As XHMM does not readily
differentiate between homozygous and heterozygous deletions, we
only analyzed deletions in genes known to be associated with domi-
nant forms of CAKUT.

When available, parental inheritance data were used to determine
the variants’ phase and de novo status. Variants were classified as
pathogenic (P), likely pathogenic (LP), or variants of uncertain sig-
nificance highly suspicious to become pathogenic because of pheno-
type association (VUS-high)”’. Only variants that matched the
inheritance pattern of the associated condition were considered. P/LP
variants and full gene deletions in genes known to cause CAKUT were
considered diagnostic. In the probable genes, only P/LP variants that
matched the inheritance pattern of the associated condition are
reported.

De novo variants’ identification

Variants were annotated using Ensembl canonical transcripts. In cases
with multiple transcripts, the most deleterious effect was included. De
novo variants were defined as variants present in the proband (Read
Depth > 10, Alternate allele depth >3, QUAL,, =50, QUAL,qe =300,
GQ =20, proportion of missing alleles less than 20%, Alternate read
percentage 20-80%). The stringency of these quality filters was tested
using inherited variants in the same trios, demonstrating that they
removed less than 1% of inherited variants. Finally, only rare variants
based on the Genome Aggregation Database® (gnomAD v2.1.1 global
allele frequency (AF)<10”° and Columbia Institute for Genomics
Medicine AF <10™*) absent in the parents of the trios analyzed were
retained. All variants were then manually curated using the Integrative
Genomics Viewer interactive software tool*®.

De novo enrichment analysis

Trio analysis was restricted to functional de novo variants: LoF variants
(LoF: canonical splice-site, stop-gain, stop-loss, start-lost, and frame-
shift insertions and deletions), missense variants, and protein-altering
(LoF and Missense) variants. To estimate the probability of a de novo
variant with each one of those effects, we used denovolyzeR> and the
updated mutation table from denovoWEST?®. The p-value generated
by denovolyzeR was obtained from a Poisson test. For the genome-
wide analysis, a Bonferroni corrected p-value threshold at a=0.05 is
used, i.e., 1.3 x107® as recommended by the denovolyzeR developers™.
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Predefined gene-sets

Our primary analysis focused on comparing the burden of de novo
variants or ultra-rare variants in two sets of mutation-intolerant genes
as predicted by gnomAD v2.1.1: one set of genes with a high probability
of being loss-of-function (LoF) intolerant (pLI score>0.9, LOEUF >
0.35; n=2851 genes), and one set of genes intolerant to missense
variation (missense Z score >3.09, n =952 genes). We also analyzed a
subset of those two gene sets.

The first gene-set includes genes highly expressed in nephron-
progenitor cells (NPCs) in 18-week human embryonic kidneys*
(n=610 genes for the LoF intolerant set and n =228 genes for the
missense-intolerant set). The NPC gene set used expression data
derived from single-cell RNA sequencing data by Hochane et al. *°. We
specifically selected genes in the top decile of expression in NPCs
compared to other cell types at this developmental stage.

The second gene-set includes genes highly expressed (top decile)
during early murine kidney development at E15.5 (n = 434 genes for the
LoF intolerant set, and n =189 genes for the missense-intolerant set).
The genes highly expressed during early murine kidney development
were identified using bulk RNAseq assays. Four embryos from mixed
C57BL/6 Tac mice were harvested at 15.5 days post-conception (dpc).
Microdissected kidneys were submerged in RNAlater (Qiagen), then
homogenized using a micropestle (Avantor #211-2100). Total RNA was
purified by RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions. Quantification and quality control were done by Bioana-
lyzer (now Agilent) followed by Illumina TruSeq library preparation
and sequencing with Illumina HiSeq2500. Briefly, poly-A pull-down
was used to enrich mRNAs from total RNA samples. RNA extraction
was performed using the TruSeq RNA prep kit. 30 million single-end
100-bps reads were obtained per sample (i.e., both kidneys of one
embryo). RTA (lllumina) was used for base calling, and bcl2fastq
(version 1.8.4) for converting BCL to fastq format and adapter trim-
ming. Reads were mapped to the reference genome UCSC/mm9 with
Tophat version 2.1.0 with settings: 4 mismatches and 10 maximum
multiple hits. The relative abundance of genes and splice isoforms was
estimated with Cufflinks (version 2.0.2) with default settings to obtain
FPKM values for each gene.

We also created a set of genes associated with ID*° or autism
spectrum disorder®' and subdivided the set into 962 genes intolerant
to LoF variants and 461 genes intolerant to missense variants.

In addition, we analyzed a gene-set comprising 525 genes asso-
ciated with congenital heart disease, compiled using existing clinical
targeted panels offered to patients with congenital heart disease. The
list was subdivided into a set of 154 genes intolerant to LoF variants and
a set of 68 genes intolerant to missense variants.

As a negative control, we analyzed a Reactome gene-set com-
prising 1124 genes associated with the innate immune system®’. We
then subdivided the set into 195 genes intolerant to LoF variants and
96 genes intolerant to missense variants.

The p-values were corrected based on the number of gene-sets
and models included in the analysis (10), so the Bonferroni corrected
p-value = 0.001. To adjust for the multiple testing, we calculated the
FDR using the FDR function in the fuzzySim R package®. All statistical
analyses were performed in R version 4.3.1. The list of genes in each
gene set can be found online (https://doi.org/10.5281/zenodo.
15312278).

Gene-burden analysis

We performed a gene-burden genome-wide search for enrichment of
“qualifying variants” in protein-coding genes in 1742 CAKUT compared
to 22,258 controls®’. We restricted the analyses to variants within CCDS
regions or the 2 bp canonical splice sites. Furthermore, we only con-
sidered variants that fulfilled all of the following QC criteria: >10x cov-
erage of the site, quality score (QUAL) =50, genotype quality score
(GQ) =20, quality by depth score (QD)=>S5, mapping quality score

(MQ) =40, read position rank sum score (RPRS) >-3, mapping quality
rank sum score (MQRS) >-10, Fisher’s strand bias score (FS) < 60 (SNVs)
or <200 (indels), strand odds ratio (SOR) <3 (SNVs) or <10 (indels),
GATK variant quality score recalibration filter “PASS”, “VQSRTran-
cheSNP90.00t099.00”, or “VQSRTrancheSNP99.00t099.90”, alternate
allele fraction for heterozygous calls > 0.3. To control the differences in
coverage, only variants covered in at least 70% of the case-control cohort
and with a maximal 7% difference in coverage between cases and con-
trols were included. To control for population stratification, we split the
cohort into clusters using principal component analysis (PCA) on a set of
predefined variants to capture population structure®. To identify clus-
ters based on genetic ancestry, we used the Louvain method of com-
munity detection on the first six principal components (PCs)**. To assess
the quality of the clusters (Supplementary Table 6), we performed fur-
ther dimensionality reduction using the uniform manifold approxima-
tion and projection (UMAP). We performed Fisher’s exact test to find
associations between genes with qualifying variants and the phenotype.
A quantile-quantile (QQ) plot was generated to evaluate the resulting p-
values®’. We then meta-analyzed the results of all the ten clusters and
generated a combined p-value and odds ratio using the
Cochran-Mantel-Haenszel test®. To qualify, the variants’ allele fre-
quency (AF) had to be less than 1x 107 in the gnomAD v2.1.1 popmax
allele frequency and less than 1x10™ in the Columbia Institute for
Genomics Medicine biobank. This AF was chosen as all diagnostic var-
iants identified had a gnomAD v2.1.1 MAF <1x107. Only LoF variants
with high confidence based on LOFTEE® and identified in regions with
low regional allele frequency® were “qualified”. Missense variants loca-
ted in constrained domains based on a subRVI®® domain score percentile
<50% and predicted damaging based on at least three of the following
criteria: (1) REVEL®>0.5; (2) PrimateAl’°>0.8; (3) AlphaMissense”
score >0.6; and (4) CADD”* score > 25 were “qualified”. Three analyses
were performed, one for both LoF and qualified missense variants, one
for LoF only, and one for qualified missense only. After Bonferroni cor-
rection for the ~18,000 genes in the genome (a = 0.05), genome-wide
significance was identified as p-value <2.8x107°. To confirm that this
correction was adequate, we performed a case-control analysis of
synonymous variants only and identified the lowest p-value =5.8 x 107>
The number of qualifying LoF variants per sample in constrained genes
was calculated to compare the distribution in cases and controls.

Candidate genes analysis

To prioritize candidate genes amongst the genes with de novo var-
iants, we identified genes not known to be associated with CAKUT but
highly expressed in nephron-progenitor cells and in E15.5 murine
kidneys, or with LoF de novo variants in genes associated with ID or
autism spectrum disorder, and/or congenital heart disease. Amongst
the genes identified through the gene-burden analysis under the LoF
model, constrained genes (pLi>0.5) with OR>10, and at least two
cases with qualifying variants and p-value < 0.07 were prioritized. In
those candidate genes, rare variants were identified in all cases and
controls, regardless of their quality, as both the de novo and case
control quality filters are extremely stringent. Colleagues with CAKUT
cohorts at Boston Children's Hospital, University Medical Center
Utrecht, and others were contacted to query for additional variants in
those genes. To determine the potential impact of rare variants on
splicing, we added to the tools described above for the case-control
analysis the TraP (Transcript-inferred Pathogenicity) score”. Candi-
date variants in the cases were then Sanger-validated.

Low-frequency variants analysis

To identify genetic risk factors for CAKUT, we performed a single
variant analysis of low-frequency variants (defined as gnomAD allele
frequency <1%). To reduce the risk of genetic stratification, we only
included unrelated cases (n =1566) and matched controls (n =13,031)
with European genetic ancestry. We tested a total of 1497 low-
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frequency variants in genes known to be associated with CAKUT,
identified in at least ten individuals and covered in at least 90% of the
cases and controls, gnomAD filter “PASS”, and with a maximum dif-
ference of 0.01 gnomAD v2.1.1 AF. Variants passed the same criteria as
described in the case-control analysis, and the maximum allowed dif-
ference in coverage between cases and controls was 5%. Variant-level p-
values were generated using Fisher’s exact two-sided test. As we ran a
single model, after Bonferroni correction based on the number of
variants, we identified p-value <3.3 x 10~ for genome-wide significant
associations and a cutoff of OR >1.5 and p-value <107 for suggestive
associations. To determine the potential deleteriousness of low-
frequency variants, we added to the tools described above for the
case-control analysis the AlphaMissense score”’.

Pathway analysis

To assess whether the candidate genes identified in this study co-
express with any of the known CAKUT genes, we used COXPRESdb™.
We first used the “CoExSearch” option to identify the top 300 genes
co-expressed with each candidate gene. We then extracted from those
300 genes the known CAKUT genes. We combined the lists obtained
for each candidate gene and used the “NetworkDrawer” option using
the automatic platform, Cytoscape, “draw PPIs”, and either the “add a
few genes” or “add many genes”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The exome sequencing and microarray data for the cases generated in
this study have been deposited in dbGaP (phs001749.v2.p1) [https://
www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study id=
phs001749]. Controlled access is required to protect participant
privacy and comply with consent. The consent does not restrict access
to any particular disease or research type. Data are available upon
submission of a Data Access Request via dbGaP, with approval con-
tingent on a Data Use Agreement prohibiting commercial use or rei-
dentification. Requests are reviewed within four weeks. Sequencing
data for 2660 IgAN samples used as controls were not generated for
this study but obtained from other Columbia University investigators
and have been deposited in dbGaP under accession number
phs002480.v5.p4.  [https://www.ncbi.nlm.nih.gov/projects/gap/cgi-
bin/molecular.cgi?study_id=phs002480.v5.p4]. Controlled access is
required to protect participant privacy and comply with consent. The
consent does not restrict access to any particular disease or research
type. Data are available upon submission of a Data Access Request via
dbGaP, with approval contingent on a Data Use Agreement prohibiting
commercial use or reidentification. Requests are reviewed within four
weeks. DDD data was not generated for this study, it was obtained from
the European Genome-phenome Archive (EGA) under accession code
EGAS00001000775. EGA access requires approval by their Data
Access Committee and a DUA. Data for diagnostic variants identified
from the study have been submitted to the NCBI ClinVar database
[SCV006081115-SCV006081242]. The E15.5 WT mouse RNAseq data
used in this study are available in the GEO database under accession
code GSE300198. Gene lists are uploaded to https://doi.org/10.5281/
zenodo.15312278. The exome data for the rest of the controls were not
generated for this study but obtained from other Columbia University
investigators. They are available from investigators upon request by
contacting the corresponding author, Dr. Ali Gharavi, at
ag2239@cumc.columbia.edu. The data will be shared upon establish-
ment of a Data Use Agreement (DUA). Requests are reviewed within
four weeks. Raw data for all graphs are reported in the Supplementary
Information.
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